Mutations in the sodium-activated potassium channel (KCNT1) gene are linked to 20 epilepsy. Surprisingly, all KCNT1 mutations examined to date increase K + current 21 amplitude. These findings present a major neurophysiological paradox: how do gain-of-22 function KCNT1 mutations expected to silence neurons cause epilepsy? Here, we use 23
Introduction 42 43
Ion channels, such as potassium (K + ), sodium (Na +) , and calcium (Ca 2+ ) 44 channels, play important roles in neuronal excitability via regulation of the resting 45 potential, the amplitude and the duration of action potentials (APs), the firing rates or 46 patterns of APs, and synaptic transmission. Mutations in voltage-gated cation channels 47 (Na + , Ca 2+ , and K + ) that result in neuronal hyper-excitability are often linked to epilepsy 1-48 3 . One of the distinct exceptions is the sodium-activated potassium channel (KCNT1, 49 also called Slack or Slo2.2), which is encoded by the KCNT1 gene and unique in that 50 they are activated by intracellular Na + and Cl -4-8 . At least 24 point mutations have been 51 found in the human KCNT1 gene in patients with autosomal dominant nocturnal frontal 52 lobe epilepsy (ADNFLE), malignant migrating partial seizures of infancy (MMIPSI), early 53 onset epileptic encephalopathy (EOEE), and West syndrome 9-15 . The number of 54 patients affected by KCNT1 mutations is not known but many of these patients do not 55 respond well to current anti-epilepsy drugs 13, [16] [17] [18] . 56
At present, the cellular mechanisms of KCNT1-related epilepsy remain poorly 57 understood. Electrophysiological studies using heterologous expression systems such 58 as the Xenopus oocytes or Chinese hamster ovary (CHO) cells have shown that all of 59 the mutant KCNT1 channels studied to date significantly increase the magnitude of K + 60 currents 9,11,12,19 . These findings are important but they present an interesting 61 neurophysiological conundrum in that increased K + currents are expected to 62 hyperpolarize or silence neurons and reduce the possibility for neurons to fire APs, a 63 condition paradoxically unfavorable of triggering seizure or epilepsy. 64 'repolarization hypothesis' 5,20-23 states that increased Na + -dependent K + currents might 66 accelerate the rate of AP repolarization, thus enhancing the firing rate. Studies of 67 KCNT1 KO mice showed, however, that the lack of the KCNT1 K + current sped up 68 repolarization and enhanced AP firing 24 . This result is not in agreement with the 69 'repolarization hypothesis', suggesting that KCNT1 K + current hinders repetitive firing 70 normally. Another hypothesis is the 'disinhibition hypothesis' 19 , which states that 71 increased K + currents in inhibitory interneurons reduce GABA release and consequently 72 cause hyperexcitability of postsynaptic neurons. This hypothesis is plausible; however, 73 it has not been tested directly. 74
To test the disinhibition hypothesis and to discover new in vivo function of mutant 75 KCNT1, we generated a fruit fly model of human mutant KCNT1. Our data show that 76 expression of the mutant KCNT1 channels in GABAergic interneurons indeed causes 77 bang-sensitive seizures in flies, the first in vivo observation in support of the disinhibition 78 hypothesis. To our surprise, however, expression of the mutant channels in 79 motoneurons results in uncoordinated larval locomotion, enhanced synaptic 80 transmission, and also bang-sensitive seizures in adult flies. These results suggest that 81 neuronal excitability is enhanced rather than reduced in motoneurons by the mutant 82 KCNT1. We further show that neuronal hyperexcitability is achieved in part by a 83 compensatory downregulation of endogenous Drosophila K + channels such as Shaker 84 and enhancement of voltage-gated Na + channels, in an attempt to counter balance the 85 effect of increased KCNT1 K + current. Hence, our study supports two complementary 86 hypotheses, the 'disinhibition hypothesis' and a new 'compensatory plasticity 87
epilepsy. 89
Results 91
Mutant hKCNT1 channels increase K + conductance in muscles 92
To date, nearly all electrophysiological studies of mutant KCNT1 channels 93 associated with epilepsy have been conducted in heterologous expression systems, 94 such as the Xenopus oocytes or CHO cells 9, 11, 12, 19 . These studies show that mutant 95 hKCNT1 channels display a significant increase in K + current magnitude compared to 96 control 9,11,12,19 . To determine whether hKCNT1 mutations also exhibit gain-of-function 97 (an increase in K + conductance) phenotypes in vivo, we used the GAL4/UAS system to 98 overexpress wild type (WT) human KCNT1 (hKCNT1) and two mutants, G288S (a point 99 mutation in S5; next to the channel pore) and R928C (a point mutation near the NAD + 100 domain) (Suppl Fig. 1a ). Our data show that the resting potential is significantly 101 hyperpolarized and the input resistance dramatically reduced in muscles expressing 102 either G288S or R928C hKCNT1 mutations by Mhc-GAL4 (Suppl Fig. 1b-e ). The 103 hKCNT1 mutant larvae were not able to crawl very far from its starting point and for the 104 most part of the recording period the larvae were stationary and inactive (Suppl Movie 1 105 and Suppl Fig. 2) . These results are similar to the effects of human inward-rectifier 106 potassium channel 2.1 (Kir2.1) 25 expressed in muscles (Suppl Fig. 1b-e ). Thus, our in 107 vivo data illustrate that hKCNT1 G288S and R928C mutations are gain-of-function 108 resulting in an increase in K + conductance, and subsequently leading to impaired larvae 109 locomotion activities, hyperpolarized resting potential, and lower muscle resistance. 110
Epilepsy is neurological disease defined as involuntary muscle convulsions 112 resulting in seizures. Drosophilists have been using adult flies to determine the genetic 113 bases of epilepsy and whether a particular mutation will predispose the flies to seizures. 114
Several behavior and electrophysiological techniques have been developed to assess 115 seizures in adult flies [26] [27] [28] . The bang-sensitivity behavioral assay is used to determine 116 whether subjecting flies to mechanical stimulation can elicit seizure activities 29, 30 . 117
To directly test the disinhibition hypothesis, we expressed the mutant and 118 wildtype human KCNT1 in GABAergic neurons using a cell-specific Gal4, Gad-Gal4 31 . 119
Adult flies were then subjected to the bang-sensitive test in which the flies were placed 120 in an empty fly vial, vortexed for 20 sec, and then observed for seizing behavior (often 121 flip on their backs and unable to stand up or buzz around for at least one second). We 122 noted that the flies expressing mutant R928C in GABAergic neurons had a higher 123 propensity to display seizure ( Fig The findings from expressing mutant KCNT1 in muscle, GABAergic neurons, and 155 motoneurons appear to contradict one another in that muscles and GABAergic neurons 156 are silenced whereas motoneurons in adult flies are not. In order to better understand 157 the mechanisms by which mutant KCNT1 in motoneurons causes seizures, we decided 158 to examine the impact of mutant KCNT1 on larval behavior and physiology. To 159 overcome the embryonic lethality, we raised the flies with motoneuronal expression of 160 mutant KCNT1 at 18°C, which reduces the expression levels of the mutant hKCNT1 161 channels. D42>G288S reached pupal stage and few of the D42>R928C flies were able 162 to reach the adult stage. We noted that larvae expressing the mutant KCNT1 channels 163 showed severe crawling defects compared to control larvae (wildtype or larvae 164 expressing the wildtype KCNT1) (Suppl Fig. 3a hKCNT1 channels, which were inactive for the most part of the observation, larvae 168 expressing G288S or R928C in motor neurons showed a strong and active but one 169 sided larval contractions (Suppl Movie 4). This finding suggests that the reduction in 170 larvae crawling distance is not due to neuronal inactivity but rather uncoordinated 171 neuronal firing. 172
Our behavioral observations of both larvae and adults strongly suggest that 173 neuronal expression of mutant KCNT1 at low levels does not silence motoneurons. On 174 the contrary, they cause hyperactivity in larvae (see below) and seizures in adult. To 175 determine the effects of hKCNT1 mutations on neuronal activity, we utilized the well-176 established neuromuscular junction (NMJ) preparation to assess their effects on 177 synaptic transmission in third-instar larvae 35, 36 . Surprisingly, electrical stimulation of the 178 segmental nerve did not alter the amplitude of excitatory junction potentials (EJPs) of 179 larvae expressing G288S or R928C mutations in motor neurons compared to control 180 larvae. The mean EJP amplitude for D42-GAL4>G288S, D42>R928C was 49.1 ± 1.7 181 mV and 49.5 ± 1.7 mV, respectively, which were not significantly different from D42/+ 182 (50.6 ± 1.1 mV) and D42/hKCNT1 (49.5 ± 1.3 mV) ( Fig. 2a,b ). In addition, there was no 183 significant difference in membrane resting potentials between of G288S and R928C 184 mutations and controls (D42/+ and D42/hKCNT1) (Suppl Fig. 4 ). These data indicate 185 that reduction of larval crawling activity caused by motoneuronal expression of mutant 186 hKCNT1 channels is not due to neuronal silencing but most likely due to inability to 187 coordinate neuronal firing, which hinders larvae crawling ability. Movie 5). In addition, oftentimes calcium waves were not able to pass through all 202 ganglia and usually terminated after reaching the fourth ganglion in larvae expressing 203 mutant hKCNT1 channels. However, both larvae expressing WT and mutated hKCNT1 204 channels showed a similar peak amplitude of Ca 2+ waves ( Fig. 2f ). Taken together, our 205 data on both EJP and calcium waves suggest that hKCNT1 mutations do not silence 206 neuronal firing but rather influence firing synchrony. 207 
larval NMJ 213
Spontaneous miniature excitatory junction potentials (mEJPs or minis) play a role 214 in synaptic plasticity and function, evoked transmitter release, neuronal excitability, and 215 postsynaptic membrane resistance [41] [42] [43] [44] [45] . It has been shown that in somatostatin cells 216 taken from epileptic mice exhibit an increase in miniature excitatory postsynaptic 217 synaptic current (mEPSC) frequency 46 . Thus, we investigated whether hKCNT1 218 mutations alter the mini properties at the NMJ of third-instar larvae. We severed the 219 segmental nerves posterior to the ventral ganglion and monitored mEJP activity (usually 220 spontaneous release from single vesicles) at the NMJ. 221
Control larvae (both D42/+ and D42/hKCNT1) displayed typical spontaneous 222 minis, with an average frequency of 1.4 Hz and amplitude of 1.7 ± 0.1 mV (for both 223 genotypes). Remarkably, larvae expressing mutant hKCNT1 channels showed very 224 large spontaneous synaptic potentials, up to 14 mV (Fig. 3a) . As shown below, these 225 large synaptic events are spontaneous EJPs. Hence, we will refer them as spontaneous 226 EJPs (sEJPs) rather than minis or mEJPs. The average amplitude of spontaneous 227 synaptic potentials (note that this refers to both minis and sEJPs) in larvae expressing 228 G288S and R928C mutations was significantly higher (2.6 ± 0.2 mV and 3 ± 0.2 mV, 229 respectively, ANOVA, P < 0.01). The counts of minis plus sEJPs and their cumulative 230 probability plots are shifted to the right in larvae expressing mutant hKCNT1 channels, 231 due to the presence of significantly high number of large sEJPs in these larvae 232 compared to D42/+ and D42/hKCNT1 larvae (Fig. 3b,c) . 233
These sEJPs are highly unusual as the axons of the motoneurons are cut free 236 from the soma and it is not possible for action potentials to be propagated from the 237 (a) Representative traces of miniature excitatory junction potentials (mEJP or minis) under physiological condition. Both hKCNT1 mutants show significantly unusually larger spontaneous synaptic events in addition to minis compare to D42/+ and D42/hKCNT1 traces. We call these large synaptic potentials spontaneous EJPs (sEJPs). (b) Histograms of spontaneous synaptic potentials (minis plus sEJPs) of the four different genotypes. Synaptic potential counts are sorted into 0.125 mV bins. Note the right-shift distribution of spontaneous synaptic potentials in the two mutant KCNT1 larvae. (c) Cumulative probability plot of spontaneous synaptic potentials from larvae expressing mutant hKCNT1 channels illustrate the present of significantly higher number of large sEJPs compare to D42/+ and D42/hKCNT1. Recordings were taken from muscle 6 segment A3 or A4 and all larvae were reared at 22 °C for 5 days and 2 days at 25 °C prior to synaptic recordings. A total of ten recordings (two per larva) were made per genotype.
soma. We reasoned that they were caused by local depolarization at the synaptic 238 terminal. This could be possible only if there was a compensatory enhancement in 239 voltage-gated cation (Na + or Ca 2+ ) channel levels and activities or a reduction in K + 240 channel levels and activities. To test this hypothesis, we used tetrodotoxin (TTX) to 241 block voltage-gated sodium channel activity and surprisingly observed that TTX only 242 reduced the number of 'extremely' large sEJPs (>10 mV) but did not abolish sEJPs in 243 larvae expressing mutant hKCNT1 channels ( Fig. 4a,b,c; Suppl Fig. 5 ). However, we 244 noticed a slight decrease in average amplitude of spontaneous synaptic potentials in the 245 G288S and R928C expressing larvae (2.1 ± 0.1 mV and 2.5 ± 0.2 mV, respectively, 246 ANOVA, P < 0.01), but TTX had no significant effect on mini amplitude in D42/+ and 247 D42/hKCNT1 larvae (1.6 ± 0.1 mV and 1.5 ± 0.1 mV, respectively). These data suggest 248 that there is an upregulation of voltage-gated Na + channels but they are not responsible 249 for eliciting the sEJPs. 250
We then added the Ca 2+ channel blocker cadmium to the TTX-containing saline 251 and effectively eliminated the sEJP in the mutant KCNT1-expressing larvae (Fig. 4d,e,f) . 252
On the other hand, no changes in mEJP properties were observed in the D42/+ and 253 D42/hKCNT1 larvae. These results indicate that depolarization of voltage-gated Ca 2+ 254 channels at the NMJ likely results in more transmitter release and gives rise to sEJPs. 255
Immunocytochemistry reveals compensatory decreases in endogenous K + 261 channels in larvae expressing mutant KCNT1 262
Our behavioral, imaging, and electrophysiological studies collectively suggest 263 that mutant KCNT1 channels trigger compensatory mechanisms by which other ion 264 channels are down or up regulated to counter balance the silencing effect of KCNT1 K + 265 channels. In other words, the large increase in K + currents through mutant KCNT1 266 channels has the potential to fully or partially silence neurons, like Kir2.1 does, to 267 reduce the possibility of firing and impair synaptic transmission. In contrast, the 268 motoneurons appear to fire normally (albeit not synchronized) and the EJP amplitude is 269 largely unchanged. What enables the motoneurons to fire action potentials and the 270 synaptic terminal to produce local and spontaneous auto-depolarization? We 271 hypothesize that there is a compensatory change of excitability at both cell bodies and 272 axons to ensure that action potentials can be produced and propagated. Furthermore, 273
we hypothesize that there is a local compensation at the NMJ to enhance synaptic Histograms and cumulative probability plots show similar distributions of spontaneous synaptic potentials in TTX and Cd 2+ -treated larval NMJs. Recordings were taken from muscle 6 segment A3 or A4 and all larvae were reared at 22 °C for 5 days and 2 days at 25 °C prior to mini recordings. A total of ten recordings (two per larva) were made per genotype.
activity. We used antibodies specific to Shaker (Sh) to stain the CNS and the 275 neuromuscular preparation of larvae and showed that Shaker channels are reduced in 276 levels (Fig. 5a,b) . The discovery of the link between mutant KCNT1 and epilepsy is important but it 283 also presents challenges understanding the role of the K + channel in epileptogenesis. In 284 vitro studies to date all show that mutant KCNT1 channels significantly increases K + 285 current magnitude 9, 11, 12, 19 . It is easier to understand why mutations enhancing Na + and 286 Ca 2+ channel activities or reducing K + channel activities can cause hyperexcitability and 287 increase the probability for seizures or epilepsy. Similarly, mutant Clchannels in 288 skeletal muscles both in the fainting goat and humans cause myotonia [47] [48] [49] . 289
Neurophysiologically speaking, enhancing K + currents is expected to hyperpolarize the 290 resting potential or truncate action potentials and thereby reducing the possibility for 291 neuronal firing. What then accounts for the neuropathology in KCNT1-associated 292
epilepsy? 293
Two different hypotheses have been proposed to explain why enhanced K + 294 channel activities in mutant KCNT1 could cause hyperexcitability and generate 295 conditions in favor of seizures. One hypothesis, which we name 'repolarization 296 hypothesis', states that following Na + influx the activation of KCNT1 K + channels 297 shortens the duration of APs by repolarizing it at a faster rate. This in turn enables the 298 neuron to fire more APs per unit time, resulting in hyperexcitability. This possibility is 299 plausible, as shown in electrocytes of some electrical fish 20 and BK channel and b 300 subunit -linked epilepsy 50-52 . However, it will depend on the mode by which Na + 301 activates KCNT1 channels and the kinetics of the K (Na) current 53 . KCNT1 channels are 302 unique in that is activated by intracellular Na + and Cl -. Salkof and colleagues showed 303 that activation of KCNT1 channels does not need high intracellular [Na + ] i 54 , implying that 304 KCNT1 may also be important for contributing to resting potential as well as repolarizing 305 AP. Furthermore, K (Na) following Na + influx could outlast the duration of an AP, 306 especially during afterhyperpolarization period, and therefore prevent or delay the onset 307 of the next AP. Finally, genetic studies of KCNT1 KO in mice showed that AP 308 repolarization is faster and neurons fire more APs 24 . This in vivo study indicates that the 309 presence of KCNT1 K current normally hinders excitability or silence neurons. Our data 310 obtained from muscle expression of the mutant KCNT1 provide strong evidence that the 311 mutant KCNT1 channels are similar to inward rectifier K + channel 2.1 in reducing the 312 muscle input resistance and hyperpolarizing the muscle resting potential. Further, 313 neuronal expression of the mutant KCNT1 at high levels causes embryonic lethality or 314 folded wings (Suppl Fig. 6 ) if the flies live to adult. These observations are consistent 315 with the notion that mutant KCNT1 are gain of function mutations that silence both 316 muscles and neurons. Hence, studies in both mice and fruit flies do not support the 317 'repolarization hypothesis'. 318
The second hypothesis, which we call the 'disinhibition hypothesis' 19 , postulates 319 that the enhanced mutant KCNT1 K + current silences inhibitory neurons and thereby 320 removing inhibition of neural circuits and tipping the balance towards hyperexcitability 321 and seizures. This is an exciting hypothesis, but up to this point this hypothesis has not 322 been directly tested. Our data showing that expression of mutant KCNT1 in GABAergic 323 neurons induces seizures in adult flies lends a strong support to this hypothesis. 324
However, the disinhibition hypothesis alone may not be sufficient to account for 325 the mutant KCNT1 actions in the nervous system. This is because KCNT1 is broadly 326 expressed in a variety of neuronal types and regions in the human brain 55,56 . The broad 327 and complex expression pattern of KCNT1 begs for additional mechanisms other than 328 the disinhibition hypothesis to account for the effect of mutant KCNT1 in other neurons. 329
By expressing the mutant KCNT1 in motoneurons we have learned that these neurons 330
can be silenced if the expression levels are high or become hyperexcited if the 331 expression levels are low. When specifically expressed in adult motoneurons, mutant 332 KCNT1 also causes bang-induced seizures, suggesting that these neurons are not 333 silenced. This is consistent with the observations of normal EJPs and Ca 2+ peaks in 334 motoneurons in larvae. More strikingly, we reveal novel changes at the synapse where 335 local depolarization leads to spontaneous synaptic potentials, which is partially sensitive 336 to TTX blockade and fully sensitive to Cd + . At the NMJ, the major endogenous K + 337 channel Shaker is significant reduced in levels, and TTX can block some of the sEJPs, 338 providing a molecular explanation for the enhanced excitability in motoneurons. Our 339 finding of sEJPs is consistent with previous findings that sEJPs also occurred in flies 340 with mutations in Sh eag K + channels 57 . Based on these observations, we propose a 341 'compensatory plasticity hypothesis' as a novel mechanism to counter balance the 342 silencing effect of mutant KCNT1 currents as an additional means to produce neuronal All larvae were reared at 18 °C until eclosion. 405
Supplementary Movie legends 407
Movie 1: Muscle expression of mutant hKCNT1 channels hinders larvae crawling 408 activity. Representative crawling activity assay videos of controls and mutant KCNT1 409 larvae. Larvae expressing mutant hKCNT1 channels in muscle show significant 410 reduction in crawling activity compared to controls. Twenty larvae (ten males and ten 411 females) were used per genotype, and all larvae were aged at 25 °C prior to testing. Representative crawling activity assay videos of controls and mutant KCNT1 larvae. 432
Larvae expressing mutant hKCNT1 channels in motoneurons show significant reduction 433 in crawling activity compared to controls, due to unsynchronized muscle contractions. 434
Twenty larvae (ten males and ten females) were used per genotype, and all larvae were 435 aged at 22 °C for 5 days and at 25 °C for two days prior to testing. Third-instar larvae were dissected and ventral nerve cord, which contains motoneurons, 462 was viewed using Olympus BX61 compound microscope with 10X air lens. Calcium 463 waves were recorded using ORCA-R 2 CCD camera (Hamamatsu) and CellSens 464 Dimension 1.9 software. ImageJ software was used for calcium waves analysis. 
